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Abstract 


AS in any field of spectrometry, the data collection 
and recording system of an Electron Energy Loss Spectrometer 
plays an important role in determining the ultimate 
performance of the system. In this paper two different 
detection methods in EELS (serial and parallel) have been 
reviewed and evaluated in terms of the detection quantum 
efficiency and linear dynamic range. Parallel detection 
Systems using a semiconductor array as a detector have 
Significant advantage over the serial detection systems. 
Important properties of the array are presented together 
With a description of the circuitry needed for interfacing 
the output to a multichannel analyzer. The advantages and 
problems of direct and indirect exposure of an array to the 
electron beam are discussed. Experimental results on _ the 
damage to “a4 photodivode array during direct irradiation are 
presented and discussed. Pane lsiy designs EOE a 
post-spectrometer lens system which can be incorporated into 
the parallel detection system in order to increase the 
energy resolution are presented. A design Por a 
serial+parallel-combination detection system (which may be 
used to study the extra-high-energy-loss spectrum) is 


proposed. 
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CHAPTER. I 


METHODS OF ELECTRON DETECTION 


1.1 INTRODUCTION 

Electron energy loss spectrometry (EELS) of high energy 
electrons which have passed through a thin specimen promises 
EO*™DPOvVidera Boweriul tool, inscombination Wain transmission 
electron microscopy ; for Selectronic? Vmicro-cnemical 
characterizations of materials. It is particularly desirable 
for micro-chemical determinations because it complements the 
already established energy-dispersive X-ray (EDX) 
Spectroscopy by extending detectability from Na down to Li. 
However, an effective use On electron energy loss 
Spectroscopy for chemical characterization of selected areas 
in the electron microscope can only be achieved with the 
development of quantitative detection capabilities. The 
method of detection is therefore a matter of importance in 


EELS. 


iste CHARACTERISTICS OF THE ELECTRON ENERGY LOSS SPECTRUM 
(HOBBES, all the information that can be Obtained about 
the specimen iS contained in the angular and energy 
distribution of the electrons that have passed through it, 
a5 -showniwinavad. Minn. 
By <studvying) these =~distribuvions, 8xhich® result trom 
interactions between the electrons and the specimen, and 


analyzing © them? Gn®) terms of “an appropriate model, the 
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required information can be found. The most general way to 
characterize these interactions is to measure the momentum 
changes suffered by the electrons as they pass through the 
sample. This is done by measuring both the angle @ through 
which an electron is scattered, and E, the change in energy 
pelative sto. the incident eenercy. 9H) (Fig. Inet). Usually, 
However. t eis SuUELicienty to Mecllect) pall transmitted 
electrons lying within a cone of some width a about the 
incident-beam direction, and to analyze these for their 
energy loss. Although this approach destroys information 
about the momentum transfer, since the spectrometer is now 
integrating information from the whole angular range which 
it 1S accepting, it is the one most generally used. The 
information produced can be readily related to the important 
properties of the material by simple mathematical models of 
the interactions (Egerton 1978). The result obtained from 
such an experiment is an Electron Energy Loss Spectrum in 
whieh the transmitted Signal imtensity J(E) is plotted as a 
function “Of ) the senesggy toss B for all the ‘electrons 
scattered within the angular cone a accepted by the 
Spee chome on. 

Typical electron energy loss spectra recorded from a 


Ehime tot. Or .carbom using 60. keV imeident electrons: and with 


eo = 100 mrad and a = 10 mrad, respectively, are shown in 
Eid. (4-2. The Importans 1eatures of EEL spectra (Fig. 1.2) 
are as follows. First, there is a large maximum in the 


intensity centered at E = 0, which is usually called the 
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Figure 99]. 1) The geometry of ERLS in theselectron microscope, 
tidustrating «the scattering. angle .@, the spectrometer 


collection angle a and the incident beam convergent angle 8. 
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80kev incident beam and two values of a 
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MSeTo-Loss peak". The zero-loss peak contains both 
Ulseattered electrons and electrons “which have! interacted 
with the sample without losing significant amounts of 
energy. In any specimen from which a useful BEL spectrum can 
be obtained, this zero-loss peak will always be the largest 
Single component. Secondly, there are one or more peaks ina 
region extending from the edge of the zero-loss peak out to 
about 50 eV, which is conveniently called the "low-loss" 
region. The low-loss peaks are due to the interaction of 
transmitted electrons with valence or conduction electrons 
of the sample, resulting in plasmon and/or single-electron 
excitation. Thirdly, the spectrum lying above 50 eV has the 
generale form of a Tapidly falling “background”, on which are 
Superimposed edges with various features. The characteristic 
edges in this high-loss region are due to the interaction of 
the transmitted electrons with inner-shell electrons, 
resulcang “in hhne" exer tation* sor” anner-shell elecrrons to 
various unoccupied states above the Fermi level. The rise in 
intensity (i.e. an "edge") occurs just above E = E,, where 
E, is the appropriate binding energy or ionization energy 
for an atomic shell’ k (k representing the type cf shell: K, 
L, M etc.). Therefore, this portion of the EEL Spectrum is 
most important for chemical characterization of specimens, 
as the binding energy or ionization energy of an edge is a 
unique property of the element from which it arose. Also, a 
study of the edges can yield electronic and structural data 


about the sample. However, as shown in Fig. 1.2, by the time 
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an energy loss of 250 eV is reached (for this specimen) the 
Sugnelaras talleneby aakhactor of about, 100 times,men fact, 
edgeeesignals ‘im sthe “high-loss region of a spectrum of a 
Specimen are several orders of magnitude lower than in the 
low-loss region, because of the small cross-sections in 
PIMenwene PveXcCaoatiOnS wins, Gramatic “fal Saini ntensy Gy. 
after the zero-loss peak and the low-loss peaks is a feature 
of all energy loss spectra. Since quantitative chemical 
SNaALV GUS eUNVOlVeS@rt bling, sextrapolating and subtracting the 
background at each edge and the accuracy of these operations 
depends, to a large degree, on the noise level in the 
recorded spectrum, this large range of intensities presents 
difficulties in both the detecting and the analysis of the 


SPEeCrra. 


Pela 2eBAST EC sREOUILREMENTS FOR DETECTORS 
AS mentioned above, the signal to be detected in HEELS 


is an electron beam with an energy typically in the 60 to 
100 keV range. The peak current is as high as 1000 pico 
alipsyeatilsoe, Simcoe ysthessignal intensity ftallls sapidly with 
PIeReaschig enecoy Loss ualt “1S mecesSsary TiOneenewderecuor | wto 
Geppablem nto “mentions cUrnentS cas lowlaes 4.0 Sapicc=amps. in 
order to resolve edge structures. In the case of a high 
enerayelwedge), £Or example, pthe si liconsh edge at 1639 (6V, a 
dynamve range of 10° to | relative to the Tow-loss region 


may be required to observe edge structure above background 


(Maher 1979). Furthermore, the beam itself is of strongly 
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Ponvaima radiation “ana “can imfliece “severe damage on 
Setecrons  ™Sensrtive- to. Tadiation effects. “Therercre, a 
Suitable detector must combine high efficiency (i.e. high 
sensitivity with low noise), a wide linear dynamic range and 
an immunity to beam-induced deterioration. 

The efficiency of the detector can be specified in 
terms of the Detective Quantum Efficiency (DQE) (Jones 1959) 
which is defined as the square of the ratio of the 
experimentally obtained signal to noise ratio to the signal 


to noise ratio which would have been obtained with a perfect 


detector; 
(ayy eee 
oes oS Gea 
(SN) Sen 
The DQE, which is always less than unity, 1S a measure of 


the efficiency with which the detector uses the electrons 
reaching it. The "perfect" detector would add no noise to 
the incident beam and use every electron incident upon it. 
If an average number n of electrons strike this perfect 
detector per unit time, then the actual number reaching the 
@etector in “any given interval will follow a Poisson 
distribution with mean n. The signal-to-noise ratio from the 
ideal detector would then be the number of incident quanta n 


divided by the inherent shot noise of the beam yn, thus 


S/N = 
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a result often expressed by the statement that the detector 
le "“Shot-noise limited". 

It is sometimes more convenient to consider the 
detector and its associated electronics as a combination 
(Everhart et al 1959). If the bandwidth of the complete 
Syetemepms: BiHz)ee thens the Pinherent beam nose 1, for an 


Mmicmaenn ScCUrEent. ly 1S: 


where eis the electronic charge. The signal to noise ratio 
of the beam, as measured by an ideal detector of this 


bandwidth B, is then 


The DOF will control sthesultimate sensitivity of a detector. 
The dynamic range depends on the lower dynamic limit 


Sr ones NemUupperodynamicn limrt, S.5. Thus: 


The low dynamic limit is often based on the study (Rose 
1948) of the ability of observers to detect contrast between 
EwO DOINtS 1h a Scanned TV agmage in’ the presence of nose. 
ft was found that £or the average observer to “discern the 


difference between two points, the change in the signal , 


7 


_ 7 : 

: - an 
ae Seee seed 
pets 


yee ee 
cheap? eatin 


= 


Ge SGeieayaol 00 bosgap 84 AO 


< 


ot pebiercs 


onlsed ld » seoeateoiscoi2 mr | de eae 


' ic ASaiwhc ee Hts 2g! tose Jaeraee 


eveiguss ~~ «F: c a 
na 107 »i e¢lon Shag oReienn: ¢ . . 1 os salen 


snes seebisn 


jt 


oT .onaets 5 -it ob &  oyade J 
so; =| 2 abe 


1 e 

2 - sf & 4 oF 
Sa Dd i. 
(= ® 
LS re 


ae Weak seesred> 


AS nad to, exceed the noise by a factor of 5 (Fig. 7.3): 


AS = 5N i. 6) 


Therefore, the minimum acceptable signal/noise ratio F in 
the output of EEL spectrum in normally taken as 5, and we 


have: 


min | (sey) 


There are two possible ways to record the EEL spectrum. 
Firstly, as@a serial operation, by placing a defining silat 
in the image plane followed by a detector and scanning the 
dispersion across the slit. Alternatively, the spectrum can 
be obtained in a parallel operation by putting a detector 
with spatial- resolution in the image plane. In either 
operation, the detection sensitivity of the spectrometer 
System, for a given set of electron-optical parameters, will 
be determined by the performance of the detector and its 
GesOc aredselectronics mand Vis ehiicvency = Ts" etheretore ea 
matter of importance. The characteristics of detector 
systems in serial and parallel operation will be discussed 


in the hollowing two Seccions:. 
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Figure 1.3 Illustration of multiple scans along the same 
line in the sample; A and B represent two arbitrarily chosen 


POInts of interest. 
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1.2 SERIAL DETECTION 


dinero METHOD 

Most serial detection of the EEL Spectrum is 
accomplished by scanning the energy-dispersed electrons 
across a defining slit, either by ramping the spectrometer 
or through the use of a separate set of scan coils (Fig. 
1.4). Sometimes, however, the system has been designed so 
that the energy is changed before the spectrometer. This is 
achieved by a variation (between 0 and 1000 v) of the output 
of an auxiliary programmable voltage calibrator (Trebbia 
1977), which modifies the primary electron energy before the 
Specimen as shown in Fig.1.5. 

Although the spectrum can be recorded for analysis by 
displaying it on a chart recorder, the best technique is to 
sgore the spectrum ina multi-ohannel analyzer © (MCA). This 
is because that the MCA can accommodate a relatively wide 
dynamic range, and once the spectrum has been collected, it 
can be processed either directly or with a computer. 

There are several ways to digitise the detector output 
for Storage in MCA. Farstly the detector cany be run an a 
ou lse-counting™ = Modes swith a -surtable amplifier and 
discriminator being used to shape the pulses for acceptance 
by tne MCA, Alternatuvely, the detector can be used as an 
aANalogmecevice Aandemetts  OutpuL) “digitized eby the use or a 
voltage to frequency V/F converter (Joy and Maher 1980) or 


tMrough an analog —to “digital A/D converter (Egerton and 
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Figure 1.4 Serial detection by electron counting or via a 
yoltade/firequency converter, using a Tracom Northern 1710 


multichannel analyser. 
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Pours 1-5 Serial detection by Bhe variation of the output 
of an auxiliary programmable voltage calibrator, which 


modifies the primary electron energy before the specimen. 
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Kenway 1979). In principle the pulse counting approach is 
Superior because the result is essentially independent of 
the gain of the detector, and contains no component due to 
dark current signals from the detector (assuming, in both 
Cacecwpetchate ne fdr scmiminater Sess eproperlyasetcup). elhis 
approach therefore can detect very low signals. 

Drnect ume Gitizatvonsoretheeanalog Output otsa Getector 
is Straightforward: but CA7D converters with ogreater’than 16 
bit precision are expensive and there is thus a limit to 
botheaceuracy (29part im 10rd, andythe dynamic range cof the 
resul@ Phat yecan bese obtained .inm” this way. Voltage to 
frequency converters are relatively cheap and CUETemE 
eommerciral  lIQOMHZ= units; ‘when carefully set up; offer a 
precision equivalent tora 19 bit A/D converter together with 
a dynamic range in excess of 10°. Thus they can easily cope 
with the zero-loss region. However such unitS generate a 
substantial dark-=current «count which must ibe stripped from 
the spectrum before analysis. In either case, the accuracy 
of thelimesult “obtained wili-<depend ‘on the gain stability sof 
the detector and its associated electronics, and» ethere can 
be significant errors due to (even transient) overloading of 


anyepartoof the sigmalschain, 


122 SSEMI CONDUCTOR, DETECTORS 
Several workers (e.g. Trebbia et al 1977) have used 
Semiconductor detectors in serial detection of EEL spectrum 


because of their compactness and efficiency. A single 100 


rH 


an 

7 : i ri an 
—_ ha : 7 7 7 
: 9 ae er ae: -gulugist? eigisiisy io 
< 

1 Tuber ac goes an. ray OF fi: eet of2 Gwe 


72 aus 9 susne: wn en e2ne aa BG . To 7 Oe PSO oe i oy 


nifesg wei“scen 942 O77" glanglias 7e9g503 


ased. si on rhe S| 
; 


ad 


acts ious 


© 


i 
U - @ ae 
ein » Pha 428 Y 4 COGR tH 4 a” 4 


etry sn = : Y74 302308 ef soc 
a | Hy pi, Eetiitap sa ft st4, cia 
* &@ i oe 4 : _ 4 3" ; e 3 7 pi v= fevpoe? 
7 


>! a ; j 7 - 3 77 9aN0s 


aes | oT sialseqg 


bd AZ we enaayh c 


i 
7 


ip 
- 
- 
& 
6 


. +t fear? vine yt T<- : e532 S Tae , ORs ae - 
a ‘e 
> ee ; eis) A ; - ial > | {receny a 


i lle oy etait onety al) ae) subs cretsd Poeotdinete aa 
—_ _ 7 
neié sat 25 236 r '€ 


1S 


ReVeGlectron will produce an excess of 10* electron hole 
DatrS.6 .AlSO;eeit Pthemmdepletion® @epth “of ardicde atethas 
accelerating voltage is optimally chosen, a large fraction 
OLePcnesey —cerrierssecanee be (collected by the vactaionPof the 
internal bias field, giving the device a considerable gain. 
Even higher collection efficiency can be obtained by biasing 
the diode: but this also increases the dark current. The DQE 
Olipsuechea aetector ss DObsant A (es E/E) ] where En. 21S the 
energy to create an electron-hole pair, and 5, is _ the 
incident beam energy. At beam energies in the keV range, the 
DOE is thus very close to unity. The combination of the 
relatively high impedance and capacitance represented by the 
detector can be handled effectively by analog amplifiers to 
give adequate performance under most microanalytical 
conditions. However, the pulse counting performance is 
Strictly limited, since .the internal capacitance broadens 
the pulse and substantial shaping time is required to ensure 
aecurste disecriminataon, ‘and counting. -A typical maximum 
COountevatewl seonly om thesorder of (0) kHz “so “that ain any 
reasonably efficient spectrometer, counting operation will 
only be feasible at high energy losses. The radiation 
Sensitivicye Of *a Solid stace detector is alse a problem in 
many cases. Reversible damage, manifested by a loss of gain 
and an increase in dark current is often observed tor low 
radiation doses. High radiation dose can result in a 


permanent loss of performance. 
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IS25 SSC INTILLATOR DETECTORS 

Scintillator/photomultipliers are the most used serial 
detectors because they combine cheapness, speed and 
efficiency. 'The scintillator transforms the« senergy ‘of =the 
primary-electron beam into photon energy. The generated 
light quanta are detected by a sensitive, spectrally adapted 
phocomulttpliers «The DOReof a scintillator .detectoreirs thus 
aw Eunetion oll both the photomultiplier and) the scinusllator:. 
Dig On Paverage weachs electron incident “on vtheuscintillator 
produces p electrons from the photocathode, then p has a 
POtSson eal sSthiburion  and= the DOE “of the "cembanation is 
DOEUEM) Baad GlhereGl/P)))s Tre efficiency iot the soineiliator} 
12S Coupling to the PMT and the quantum efficiency of the 
piOsccatnodesare thus allusigqnifreant yin theony, Vavesinglé 
100 keV electron could generate thirty thousand 3.3 eV 
"blue" photons from, for example, the popular NE102 plastic 
phosphor. However the actual conversion efficiency 1S only 
about two percent (Pawley 1974); so only about 600 are 
produced and of these only about a quarter are travelling in 
EheEUrIGhGedirectiometosreacn the photocathode. SSincer this 
photecathode “has a “typical efficiency of about” twenty 
percent, the final yreld is about 30 photoelectrons; te give 
aDOn Gn) so), Ate lOwernvoltagesshowever ethe pevailierand the 
result DQE can be much worse; and Comins et al (1978) have 
Fepottede values * es Plow as’ 071.7 8in “pulseeccounting: the 
Statistical "fluctuations in op will mean that for a specific 


discriminator setting some "real" events will be eliminated, 
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leading toha falliinethe DOE. 

The choice of a Scintillator involves requirements of 
Specd, “radiation” Sensitivity and efficiency.) For analog 
systems, where only the radiation sensitivity and efficiency 
are important, the most popular choices have been plastics, 
(eng. sNETO02)@ or olassess such as “Cars doped@with “suropium. 
Plastic scintillators are a factor of two or three times 
more efficient than glass scintillators, but they show 
Significant damage with radiation dose, resulting in a rapid 
loss in efficiency. It has been reported (Oldham et al 1971) 
LheatetOre masa lasurCeSCintuluvator NEV0ZA vet wa adivacion dose 
STi 00RkRads theres would be a’ reduction. “of an “order of 
magnitude in efficiency, although some of the damage is 
reversible. The qlass@scintillators, by contrast), display a 
Noone level) oftfradvarionvnesistance: with lvetle fall off in 
efficiency for doses exceeding a thousand MRads (Wiggins 
1978), and the damage is reversible on heating in air. 

Por Poudse “counting. vali the parameters of the 
scintillator must be considered. At 100 keV, any undamaged 
SOinciilavor tS capable of “producing “pulses suftfticrently 
larger to ensures a DOE, aiter discrimination, which should 
theoretically be-close to unity. The problem 1s then to find 
the ideal combination of decay speed and radiation 
resistance. One sSatictactory solution 1s the» use Tot “high 
efficiency yttrium aluminium garnet (YAG) phosphors doped 
Wetherarce earthse (Blases “ands Briil 1967) (sae commercial 


example is P-46 (cerium doped YAG) which is available as a 


witightls 


Swi se4hell2 1hESe ire o- 


: ering 2es vi a3 anae: nytaei : al 7 


Noni 2s cy 
‘enivtnic need avan Redleds 26kigoy thot 
my igo. f° Serie ' 362 26 s22ISye WO 
ecris « 4vd 30: 85552 ‘aitia: 
wore rogue lisgalsa «8Fa4p “NEES Ws 
Side I i! fe SSIn (N94 Is a°¢ 3 
ny. , 4 r) ps3 " 2 a” 3 <) ‘= z 
2255 [38 4 ‘th MDT S97e@i ), 42444 
7% ok > “ebSsSUDRs ‘A ot Sieise execs 
oi spews — 2 aa Voroce 

v @! Le >, . > 5 Sd inenae 
bg } aa OB ae Fe 3c 4 av cae oo Luven opir 
Th <ge ¢* Ly feyad! seo aud, to! aT TTS C) 

- 
=v 6 ed 18g 


eae a | 


alice 


sia 


18 


powder. This has a decay time of 20 nano-seconds, allowing a 
peak- Counc rate of <abcure20 MHz -and«an efficiency) which is 
abou lyrwice that for senei02. ein sits «powdered —sform athe 
radiation resistance is good, a dose of some tens of M Rads 
beingewequired torcauseva fiftyepercent-fall inset tiicvency,, 
but the powder is not stable on repeated exposure to air. 

It is worth mentioning a recent, important production 
Of langessinglewerystal, sscintillators. obtained by. wWirquid 
phase doping of YAG substrates with Cerium, or mixed 
rare-earths, to produce an active region ten to twenty 
microns deep. The efficiency of such scintillators is very 
high andea good spatial resolution and uniformity can be 
predicted as a result of the complete crystallinity, 
compared to the case of polycrystalline and powder phosphors 
where light is reflected at internal faces resulting ina 
losoiOh  Oprercal sresoluvion “and effitcrency. “More “important, 
they have been found to be exceptionally radiation resistant 
(Autrata et al 1978). Therefore, their development offers 
hope of enhanced performance. 

The photomultiplier is an excellent component in the 
measurement of electron-beam intensity, having very good 
linearity, wide dynamic range, high sensitivity and direct 
elect ren soutput. 

Imp summary the photomultiplier-scintillator combination 
offers good all-round performance for serial detection. 
However, no matter what kind of detector is used, the DQE 
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of the spectrum of N channels, only one is being sampled at 
any time. If the intensity/channel were constant, the 
Signal/noise ratio of the entire spectrum would be reduced 
Byramtacton J/UN Ufromeequatbionsii.cyc SO TeheneDOn ter sa 
pertectamsonial Bdetectoreekcompared® tol that tor oa cerrect 


parallel detector, must satisfy the inequality: 


DQ = 1/N* DOB 


= serial) (parallel) Ces | 


Therefore the serial mode of detection, in which information 
is wasted, is at a considerable disadvantage compared to any 


formrottwoaral lel celbecti1on.. 


1.3 PARALLEL DETECTION 


1.3.1 ADVANTAGES OF PARALLEL DETECTION 

In EEL spectrum the beam of electrons transmitted 
through the analyzer is spatially dispersed in the image 
plane. Parallel readout of the spectrum is therefore 
possible Vi an “array vot (detectors, «on a single detector with 
Spatial resolution, ws placed mn this plane. Over che “past 
few years there has been considerable interest in the 
developement of parallel readouts because of the 
fundamentally poor DQE of a serial readout of the spectrum, 
as mentioned in the previous section. 

A comparison between parallel and serial detection can 


beumade as tc0llows.. lf the Width of the slit. of the 
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Spectrometer in serial detection is AX , the dispersive 
power of the spectrometer is d and the energy range recorded 
tS-Baw, ocmen tne tractieneo: “electrons recorded) 157 en, = 
AXY dB) me Colvection e€fiicirency of the detector, nu; 
can be improved by an increase in the width of slit, AX, but 
only at the expense of a degradation AE, = AX/d in energy 
resolution. For light-element microanalysis, E, = 5 eV and 
Emx = 1000 eV are typical values, and yield a detection 
efficiency nz, = 0.5 %. A parallel detector receives all the 
electrons Simultaneously. Tia typical™ value™ of “the 
backscattering Coehiicvene is assumed, a detection 
efficiency of at least 50 % should be possible (Egerton 1981 
a). The recorded signal is therefore larger by a factor of 
about 100 compared to serial detection. If the noise level 
in the recorded spectrum is assumed to be increased mainly 
through Poisson statistics of the arriving electrons, the 


Signal/noise ratio will be therefore improved by a factor of 


Vii) =) 10 aniebhiS *case. «1 se. 

eee ORS) I 
Then applying equation (1.8), We have: 

DOE (parallel) : EE eerie a 
This improvement will in turn make weak inner-shell 


lonization edges more visible above the background and 


improve the accuracy of quantitative analysis. 
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1.3.2 PHOTOGRAPHIC PLATE 

A photographic plate placed in the exit focal plane of 
the spectrometer was the earliest method used to record the 
electron dispersion. In this method, the whole spectrum is 
recorded in parallel. For i100 keV electrons the DQE for 
Suitable emulsions is very close to unity (Farnell and Flint 
1975) and the plate is nearly an ideal shot-noise limited 
detector. 

The attenuation of light by a developed emulsion layer 
is expressed quantitatively as the density D. It is defined 
as the logarithm to the base 10 of the reciprocal of the 
Pransmission 1) We.e. 6D) = 100,611/T) > Exocsure By 15 the 
product of exposure time and electron density at the surface 
of the emulsion layer, expressed, for example, in 
electrons/m*?. The usual shape of the D/E, curve for electron 
exposure is shown in Fig. 1.6, and 


may be represented approximately by the relation 


where D, is the Saturation density, and K relates to the 
Size and sensitivity characteristics of the emulsion grains. 


For small values of E,, expression (1.10) reduced to 
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Figure 1.6 General form of the density/exposure 


relation for electron exposure in an emulsion layer. 
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GRewexiStencesoOt«an initial fegion to the D/By.curve as 
indicated by expression (1.11) is easily appreciated when it 
BGS *recalled thats etheeuusual, Sittation.is that one or more 
grains can be rendered developable by a single electron hit. 
Since density is proportional to the number of electrons 
Dici@en tember shunt wEaGea tes! ce OllGwSi = thats © will be 
proportional to E,. AS exposure is increased, the slope of 
the D/E, plot will diminish because the number of grains 
already rendered developable is such that an increased 
Eraceion Of the-mexposure (is ewasted) on’ such ~qrains; -An 
asympototic approach is made to the saturation density level 
corresponding to development of all the grains in the layer 
or, alternatively , of those grains in the layer accessible 
to electrons (if the electron range is less than the 
emulsion thickness). In general terms, the linear region of 
the D/E, curve extends up to about D,/4. Emulsions typical 
of those used in electron micrography may have a D, of about 
SuOmMEor exposiire to electrons of 50 keV energy or more; and 
hence will exhibit proportionality between D and BE, up to 
Gansu eLecuvObe aooub we. Oriel Ns Spractice, | itteats= virtually 
IMposciDle | With ea photegraphiic plate to record both the 
low-loss and the core-loss regions of the spectrum in the 
Same exposure. 

Photographicytechniques valso sutfer trom the) fact ~that 
Subsequent processing is required before the data can be 
analyzed, and because this processing can itself greatly 


affect the linearity Of the information transfer. 
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Furthermore, numerical data can only be obtained by 
performing) “micro-densitometry fon the 9 plate, which is 


difficult to combine with computer storage. 


1.3.3 PARALLEL-RECORDING SEMICONDUCTOR DETECTORS 

The parallel-recording detector using a semiconductor 
device represents an attempt to retain the advantages of PMT 
and also achieve simultaneous spectral measurement. In this 
system. the equivalentmorlantexit “slit-PMT “combinat2on 81s 
mounteds at Mecachermpoince “ime “thereexitel tocalerplane off ine 
Spectrometer. Such systems provide simultaneous detection of 
a considerable range of the spectrum. 

Two main device types have been employed in electron 
microscopy : the charge-coupled device (CCD) array (e.g. 
Chapman et al 1982, Downing et al 1980, Roberts et al 1982) 
and the self-scanned photodiode (SSD) array (e.g. Jones et 
Aes Poem Kins CG ale i530 -Egerton- i98t)  sShumam “er al 
1981). Although both devices rely on the generation of 
electron-hole pairs by the incoming electron or photon, they 
Gitfer im he Way that this antormation 1s readout from the 
detector. 

They eCCD OF SSD could either be Used dinecouly to Getect 
electrons or, alternatively, be exposed indirectly, where 
the electrons are converted into photons at a transmission 
or reflection phosphor. Since the spectrum 15 dispersed in a 
Btratgnt lane, §aelimear-array detector can be used. “But LE 


equivalent performance can be obtained, there are good 
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reasons for using a two-dimensional (image) array since this 
WilePPpermit “direct «inspection ‘of “the aberration figure of 
the spectrometer and, with the addition of a 
post-spectrometer lens, allow the observation of energy 
filtered images and diffraction patterns (Shuman and Somlyo 
1981 )3 

The detection efficiency, dynamic range and the other 
pertoOrmances™ of #CGD TandysSSD, “both "exposed Widirectly ior 
indirectly, will be discussed in detail in the next chapter. 
It will be seen that the use of parallel rather than serial 
readout has replaced one set of problems and limitations by 
another. However, the parallel detection schemes do offer a 


Significant, though not yet overwhelming, benefit. 
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CHAPTER II 
PARALLEL RECORDING PHOTODIODE-ARRAY DETECTION SYSTEMS IN 


EELS 


Several types of diode arrays have been developed as 
described in review -articles by Fry (1975) and Lowrance 
(1979). These diode arrays have been incorporated into 
CGtiteal, spectroscopy BHerlick ©1976) andes eX=ray= emission 
Spectroscopy (Gamble et al 1979). Among these arrays, two 
types which have been investigated in the context of 
microscopy are the self-scanning photodiode (SSD) array and 
the weharge-coupled diode (CCD) array (173.3). Both ‘types are 
available as linear or two-dimensional arrays. And both 
types combine, three basic functional elements ( i.e. 
Fadieation Sensor, charge storage and scanning "circuitry for 
readout) into a single integrated circuit. The discussions 
in ene etollowangPisections Swill sfocus ,.on” “the )"use =%ot iva 
large-aperture SSD. Faprayes «in “cartvcular. ssthesussseries 
devices containing 128, 256, 512, or 1024 elements available 
Eloy eRecicon » Corporation JCEGw iesG “Retweon, © 645 "e2c0rrere 
Avenue, Sunnyvale, CA 94086, U.S.A.). However the general 
arqiinertewiil apply (equalitratively =o “CCD “anrays eisince 
although they have a somewhat different internal operation 
ATC RReCiice audi mierent, control rorrcint yy theluourpusS eSignal 
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Paguce 2.1 A simplified schematic of the integration circuit 


of a N-element SSD array. 
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integrated over the integration period. Readout is 
aceomplushed: by sans external -eontrol cireurt, tarough the 
SHUR ernegister. in this sway, a bias Signal %s applied 
sequentially to each photodiode, and recharge pulses appear 
Serrallysat- the “output “as a “video” ‘signal, “whieh is 
subsequently amplified and processed. 

In practice, adjacent diodes (numbered odd and _ even) 
are driven by two different shift registers and are 
connected to separate output lines, but the two outputs can 
be subsequently combined in the external circuitry. Also, 
"dummy" diodes incorporated along the array produce their 
own (odd and even) outputs, which are combined with the 
output of the active diodes in such a way as to _ reduce 
Switching transients due to parasitic coupling. 

THeRCOnEr Ol ecanocumt contains en osciilacor. cunnang at 
between 10kHz and 10MHz, and an integration counter. The 
oscillator drives the integration counter, whose initial 
Buise restares the finst ble wot sthewshiftereqicter andy so is 
Caliedvthe "“startepulse”aethe oscillator also«supplaes “clock 
pulses which, after the start pulse has been applied, cycles 
theebte through the shitt register reading) out Vehe vanray: 
The integration time is controlled by the time between start 
pulses, which depends on the clock frequency and the switch 
Seetimarat the integration counter, Ones a=Scanais iniuiated 
by a start pulse, the complete array must be scanned. 
Another pulse may be applied immediately after the array has 


been completely scanned or the start pulse can be delayed 
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for up to many seconds (if the array is cooled) in order to 
increase the integration time and so the sensitivity of the 
Gerector. 

A photograph of the Reticon 1024-element array with its 
Control circu ooerceromsiCwnin stig .2.2. FOr “thers sccual 
readout of the array, four properly phased clocking signals 
and a start pulse are generated. The amplifier connected to 
the video output line of the array contains a sample and 
hold circuit which produces clean output pulses. 

The video output of an array can be viewed directly on 
an oscilloscope. But for permanent storage or accumulation 
Of “data, the output ~should be fed “into a multichannel 
analyser (MCA). For electronic storage, the output voltage 
levels have to be converted into digital signals, which can 
be done using either an analog to digital (A/D) converter or 
by a voltage to frequency (V/F) converter. However it is 
necessary to ensure that the information obtained from each 
diode in the array 1S placed in the correct MCA channel. In 
other words, the MCA channel access must be synchronized 
with the array readout. One way of achieving this 
synchronization is to feed a beginning-on-line pulse (start 
pulse)» Jobtained Viromsitne “array “clrewic o™stare the MCA 
scan, followed by channel-advance pulses at the clock 
frequency which is one quarter of the oscillator frequency 
for 4-phase cilocking., With the correct. Synchronization, “any 
desired number of array readouts can be superimposed in MCA 


memory. 
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A photograph of the Reticon 1024-element array 


Ze 


Figure 


with the control circuit board. 
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2.1.2 READOUT NOISE AND DYNAMIC RANGE 


In addition to the desired signal, the array output 
contains a certain amount of readout noise. Expressed in 
terms of an equivalent number of electron-hole pairs 


generated by the incident radiation, the root-mean-square 


noise amplitude N, is given by: 


Ne represents diode-reset noise, and is given (Simpson 


1979) by: 


N. = [2kT(C,+C_)/e*]? 
Sc Qa V 


where k is Boltzman's constant, T 1S absolute temperature 
C, 1s diode capacitance, C is the video-line capacitance 
and e is the electronic charge. 

Ng represents shot noise due to the thermal leakage 
current (i.e. dark current) Ig of each diode during the 


integration period +t and is given by: 


Ne represents noise introduced during subsequent 
amplification. 

Values of readout noise as function of integration time 
are qiven in Fig. 2.3, using data appropriate to the Reticon 


S-series array (Reticon 1978). It is seen from Eqs.(2.1), 
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(2.2) and (2.3) that Nr increases with 7 but decreases with 
T due to the shot-noise and the diode-reset noise term. 

The maximum detectable output signal corresponds to 
complete discharge of a diode during the integration period 
i anes (givens by : 


(2.4) 


where Q.4;1S diode saturation charge and 147 represents the 
ettecte “Obs thermal Tleakages From Eqs. (1,5) ance Ui.7 J the 


dynamic range should be: 


This quantity is also plotted for a Reticon S-Series array 
ieee VG, waeec. Lh yone Bcase! Of an cariey oOperatingmeat, room 
temperature, the thermal leakage current severely degrades 
the dynamic range for +r > 1 s; whereas integration times up 
to at least 100 s can be used if the device is cooled to -30 
ol 

The noise figure and dynamic range derined an Ba. (2. 1) 
bO MBO 2. >) WV eDpLy “ecma singe =, cadoutOlmdatan 1 wOrdene co 
increase the dynamic range, multiple readouts can be used. 
This 1s achieved by interfacing the array to an electronic 
storage device (such as a MCA), increasing the clock rate by 
ate ADpLOPriate amounc,  bhereby ‘dividing™ a) given “total 


exposure time 7 into m periods, and combining the m Separate 
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readouts electronically. The accumulated readout noise is 
then given by: 

N, = (1,7) 7e + mN* + mN,* (255,) 
Here the "setup" time required between readouts is ignored, 
beings cypreallyet20 seus Whor Pf Wiess..8 Comparing qe( 246) wun 
Hoes G2 1 kel, 2) pande (23) SEitais ‘SeenSthat %he waicde shot 
noise remains the same as for a single readout since it 
depends only on the total exposure time, but the accumulated 
reset noise and amplifier noise are both increased because 
these noise components contribute to every readout. 
Consequently, N;, and Spi, are larger than for a single 
readout, but by a factor somewhat less than Ym. On the other 
hand, Smx increases by a factor of m, and the dynamic range 
will therefore be larger by a factor of at least ym compared 
to the case of a single readout. The dynamic range and the 
Nowseeiicure- forem = 10ilrs also-plotted = an’ Prog 2 37) tne 
adynamre 8 range (DR) "asa “function of mrs shown am Fig.) 2.4 
COD aitoOta Mtacguns: ttonm evime tof ©) 0s at =80> “Cea amie tion 
Crm the “dynamic (erange: Por Mole “stored data® could se che 
resolutrem. Of “the “dioqrtization device or “the storage 
Gavacicy Or “Each MCA Uchannel.. However, ane 1000 scans a 
14 bit A/D converter could permit a dynamic range = 4-105 


(see Fig. 2.4). 
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2.2 DIRECT EXPOSURE TO ELECTRONS 

Although currently-available diode arrays are designed 
as photon detectors, they also respond to incident electrons 
of Suitable energy. However, there are important 
differences. First, each electron will generate several 
thousand electron-hole pairs. Electrons of energy below 20 
keV are largely absorbed in the passivating S$i0, surface 
layer. Those of energy above 100 keV have a range (in 
Silicon) which exceeds the hole diffusion length (about 50 
um), and would therefore be detected less efficiently. For 
energies in the range 30 to _ 100 kev, electron-hole 
production results in one electronic charge being lost by a 
photodiode for each Sioa) eV Or energy dissipated. 
Consequently, a single 80 keV electron will produce a diode 
Signal Of about; 2.2°1/0* “electrons. If the diode 1s “not 
emptied at sufficiently frequent intervals, problems can be 
experienced with the diode "Saturating". On the other hand, 
Since the output signal is well above the readout noise, 
Particularly for a device cooled beVow room itemperatuce, a 
Gurece ly exposed array is capable of single-electron 
Sensoitivicy, Secondly s simee the output signal (per velectron 
is so large , the dominant source of noise in the output is 
electron-beam shot noise. Thirdly, under the bombardment of 
high-energy electrons, the diode and the peripheral circuity 
are at risk. There Sea) problem of radiation “demiage, which 
increases with the radiation dose received. This problem is 


tHe Wajyor drawback Of direct—-exposure to “electrons, anda 
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detailed discussion will be given in Chapter 3. 
whe Gynamic rangeiand, the ‘sensitivity “Porn an. array 
directly-exposed to electrons are considered as follows. The 


EGtaueOurDpUL NOSE IN, 1s Guven by: 


Here, Np is the electron-beam shot noise, equal to n/n where 
nis the total number of incident electrons recorded per 
diode and 7m 1s the number of diode electrons produced per 


incident electron (7 = 22000 at 80 keV incident energy) 


The, lower dynamic Qimbrt S..,, according so Ba. (1.7)) 26 
S = = N C250) 
“min VP nin ; ie 
WHE beeAr SuSeathe: ROSE LactOter( Wa.ls2oes Prom Bas. (27 ) sand” (248) 
we have 
ay - 
ee 1 || Ol es /o.25 + (N_/nF) J (poy) 


where Ny Ts given by Bq. U2. 1): 
Mie wipper dynamic. limit 16 Set by diode lsatunauion., Phe 
Maximum Signal Sp. which cam be accumulated in om 7 readouts 
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The dynamic range DRE for direct electron exposure is shown 
ime 829.2 .4 "as a function Of my the mumber of weadouts in a 
Giver (= Owe ineun) S case) eat —30 Co) Momumm = fn 
DRE is only about 100 (assuming a cooled array, otherwise 
the leakage current saturates the device in less than 10 s), 


but increases almost linearly with m _ so that values in 


excess,ot” 710° become “possibde withy a large number) of 
readouts. 
The DQE can be calculated according to Bq.(1.1), and we 

have 

(nn/N, ) N : 

-1 
DOE = =~ =[1+4] 
(n/vn ) igh 


G2) 


Loewe sour put Ice. Nas asewy ays. Bom 2. 1 1)— Chves | DOE very 
GIOSEMCOUMdty. At the. lowersdynamic lamit ol) tee. te=s fea.) 
DOE falls with increasing m, as the readout noise increases. 
However, under typical conditions (Fig.2.4) DQE remains 
above 0.3 even for a minimum detectable signal, so the array 


Gam behave “as an aelmost-ideal electrom “<desector anethe 


direct-exposure mode. 


253 INDIRECT EXPOSURE -TO SLECTRONS 
Im “indirectly exposed devices, the electrons are 
Converted “anto “photons at a transmission “er reflection 


Piosoner (Fig.2.5), These photons ere them imaged “onto. the 
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Figure 2.4 Dynamic range DR and DRE, Detection Quantum 
Efficiency at the lower dynamic limit DQE as a FUNCTION — 50k 
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array by means of a lens or coherent fibre optics. The use 
Ole hibre Optics invelves less liaqht loss and is a celatively 
compact optical system, which requires no focussing and is 
relatively insensitive to mechanical vibrations. The use of 
lens optics has the advantage that the amount of transmitted 
light can be easily controlled by the use of an aperture 
stop. Both coupling optics mentioned above can be used to 
provide greater dispersion by incorporating image 
magnification. 

Usually the energy resolution in indirect-exposure 
method will be reduced since an efficient phosphor (i.e. one 
that absorbs and converts all the electrons) will produce a 
broadened image point. However, the energy resolution in the 
indirect-exposure method can be comparable with the 
direct-exposure method, provided the phosphor is 
Surticientiy thin or fine grained. This is* true ~especially 
when magnifying optics are used between the phosphor and the 
array. There is also possibility of inserting a half-plane 
Hibseceminto. the Llicht-optical path an order ‘tomextend =the 
dynamicerange Of the kecorded” electron intensities) More 
important, with existing commercial arrays having been 
designed ie respond Be visible Hnotons, the 
indirect-exposure array is free from problems of radiation 
damage. The array is also protected from possible 
beam- induced hydrocarbon contamination and shoe the 
factory—sealed protecting quartz or fibre-optic ) window 15 
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Hon Uni honmities in thesrecorued outpuc. 

However, all these advantages are obtained at the 
expense of reduced efficiency because of the inevitable 
losses of efficiency at each interface in the system. With 
ane “iricient phosphor and fibre-optic coupling, the number 
of diode electrons (or electron hole-pair) produced at the 
array 1ssPof we the onder of 4000ener incident electron aTnis 
implies that the detector is therefore less sensitive, by a 
Pactor of at least 20, than an) direct-exposure: mode. Dynamic 
range DRE and Detection Quantum Efficiency DQE can be 
mecalculated “for ithe case of indirect exposure, Using Eqs. 
(Qo) ao Oleand (2.11) but withea lower alueof.7.  7= 1000 
and m=20 are for indirect exposure, using a P4 and NE102 
Screen, respectively. For these cases, the dynamic range DRE 
and the detection quantum efficiency DQE are also shown in 
Fig. 2.4, It is seen that the DOE is typically less than 
Or oe 

This value can be improved by using an image 
intensifier either integral with the target (Shuman 1981) or 
closely coupled to it (Egerton 1981 b, Johnson et al 1981 a 
ison Such devices improve the DQE by increasing the 
pritetency of Light t{ranster and by multiplying» the ~ photon 
Pluss reaching ene array . Since optical Gains Of "tne order of 
10000 are possible, a gain of an order of magnitude may be 
possible in the DOB. One limitation of such an intensified 
detector is that the intensifier contributes additional 


variations in sensitivity along the array (Egerton 1981a). 
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Also, the optical intensifiers are easily damaged by 
overload and generate a certain amount of geometric 
GvUSEGrEIon. “Such “distortion will result im the enerqy—loss 


scale*beéing non-linear, particularly towards both ends of 


the field. 
In summary, indirect-exposure systems present more 
design problems but, sallows control “over ) he eadetector 


Sensitivity and therefore an extension of dynamic. range. 
However, the DQE is typically less than 0.3, a situation 
which can only be improved by using an optical intensifier 


between the phosphor and the array. 
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CHAPTER edi 


RADIATION DAMAGE TO THE PHOTODIODE ARRAY 


Sele CRODUCT ION 

One of the more important questions associated with 
direct electron exposure relates to the possibility of 
radiation damage to the array by the electron beam. 
Obviously, under the bombardment of the high energy 
electrons not only the diodes but also the peripheral 
Guccumery: Haken tate pris k. Especially, the field-effect 
Pransistorse (FET) used ins the scanning circuitry adjgacent to 
the photodiodes are easily damaged (Jones et al 1977). This 
may be the reason that early attempts to use a photodiode 
arrays directly in the beam often resulted in catastrophic 
fatlure, “Fortunately, the associated readout circultry can 
be protected by a metal mask placed close enough to the 
Surface to prevent backscattered electrons reaching the 
Pransietorse andw@ thick = wenough to Sabsorb not only the 
electrons but also the resulting high-energy X-rays (Jones 
et al 1980). With suitable masking, radiation damage to an 
array is greatly decreased but is still observed (Johnson 
1977, Shuman 1981). Shuman reported that the thermal leakage 
Current I, of the diodes (when irradiation is removed) 
increased monotonically with total dose received during 
exposure of an array at room temperature, and was 
independent of the dose rate. Shuman also reported that 


Aiter Sisurficient exposure, the radzation damage could be so 
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Serious) thate thes thermale leakage Yourrent saturated the 
output, rendering the device useless. 

Fortunately, there appear to be a number of ways of 
dealing with the effect of irradiation damage. One way is to 
cool the array below room temperature, which greatly reduces 
thermal leakage current (Jones et al 1977 and 1980, Downing 
1980). An alternative one is annealing, which is effective 
in restoring an array that has suffered irradiation damage 
(Snow et al 1967). 

In the design eng use of a directly exposed 
photodiode-array detection system for EELS, radiation damage 
is thus certainly one important factor to be considered. 
Also, the lifetime of the directly-exposed photodiode array 
needs to be defined in order to evaluate the degree of 
radiation damage. 

In the following sections, a convenient definition of 
Ehe operatdonal lifetimes off directly-exposed” array is 
proposed, and measurements related to this quantity (for 


100keV incident electrons) are presented and discussed. 


3.2 EXPERIMENTAL 


sez PHOl ODTODEWARRAY 

A Reticon 1024-element linear array was obtained from 
Reticon Corporation, 910 Benicia Avenue, Sunnyvale, 
@altfornda 940864 The aperture width of the array as 255 mm; 


themlengtheis 26.01 mm. The detector elements are one25,4 um 
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Spacing, which results in a density of 39.4 diode/mm. The 
arrays were operated using the RE-1024SA evaluation board, 
the video output being viewed on an oscilloscope. Only the 
central 1 mm of the 2.5 mm-wide array was utilized, the 
edges of the diodes and the peripheral MOS circuits being 
protected eee the incident 100 keV electron beam by means 


Obpomrectenmoular mask e(rige ol) 


S.262 COOLING DEVICE 

A refrigerator was used to cool an array and its 
eonurol board in the, range (fom room temperature =o —=20 C, 
in order to measure the leakage current as a function of 
temperature. The results are shown in Fig. 3.5. Because it 
took time to transfer the array from the refrigerator to the 
measurement area, the temperature of the array probably 


changed a little during transfer. This change was minimized 


by performing the toanscter, aS. equickly as possible, 
particularly at temperatures below -10°C. 
AR arrangement shown “im Pag. 3.1 was used (0 cool an 


Sraayeduring intradiativon, Ine copper Strip in, “Contact, Swiun 
the backside of the array was connected by braiding to 
Miquid N,. The liguid No level should be kept “at “the” same 
level for a stable temperature. A photodiode array was 
exposed to the electron beam for more than one hour using 
his cooling arrangement; its ledkage current was measured 
both before and after returning the photodiode array back to 


room temperature. Using the temperature dependence of 
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Figure 3.1 The arrangement used to cool an RL-1024S5 array 


during exposure to 100 Kev e€leécurons). 
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feskage (current; shown in Fig. 3.5, the actual ¢cempetature 
Of the diodes (during 1rradiatiom) was estimated to be 
cle A 


3.2.3 ANNEALING DEVICE 

The device arranged ror anmealingais. Shown imirog.s 3c. 
The array to be annealed was hung in the centre of a tube 
through which oxygen or argon (purity 2 99%) was passed. The 
tube was heated electrically. Its temperature was measured 
and controlled by a thermocouple and a commercial 
Eupnace-control) unit (an inidtee ing and controlling 


potentiometer, VERSA-TRONIK type R7161B). 


3.3 PROPOSED DEFINITION OF THE OPERATIONAL LIFETIME OF A 
DIRECTLY-EXPOSED ARRAY 

With the incident-beam intensity adjusted so that the 
video output amounted to half the maximum (Saturation) value 
UNCen ene wrracdtat von Conditions im 3.2. 1,°5) the Soperatioual 
lifetime of a directly-exposed array was defined as the time 
taken for the “output voltage tO saturate, =duev =to yoke 
increase in leakage current. 

The lifetime, as defined, is a parameter which depends 
only on the diode “array;—-and not—on ‘the integration time 
which we choose. If the integration time is increased by a 
factor of k, the incident-beam intensity has to be reduced 
bywastactou Of k=ino onder To restore the ourpuc to halt) the 


maximum (saturation). Experiments (Downing 1980, Shuman 


— 
aa 


‘ 
it 23)" ai owiiees get lienndy 298: 
vist a '0 oSdedl oat nl Bri) dew Baleenne ee a2 
ett Seris> eaw C#Oaee ctisaat *egig. 16! ibacee astay ) 
hesihedn one seus eeaqmet pat wtiigd,seieio tedned. 
selwigwmoy A Sha  Olgvonraisas « e secon cueealln 
Eclcssne> . , ore bAFSRaL bee ney pie resenp: 


wr. 2a eet 
a pay dR: eee ‘AsgH Taal 
osha 7 


GSES ht OAT ee eee ou 
sn?) Yarns OS Sune rew yo ser ; aalseee af: “me : 7 
swhav (Ae@Zans 2] ibm Pum a): Te4% oo beviome Sugtvo ook 
eh) tai pot witha fe miels iris © éedbets! a9 
Shits SES SS SMICCES BON YE tts SAC Qs4 ¥ :y84st @ to owt saids- the 
ogo < ago OSIt7se ! aos ‘ua teo ) See 104 novos 

Tle ‘hoe @getes7 \l #8eeiDgie 
eS Adin tare@erfovs 2: .leniion ta’ (aGeeeee Ont. 


ates WOLSS3peth: WWiseheeseen bis , gaan, - Gita wee 


gtas: 


DY aihanoos ai: i. 6a) GUS 79 pei Sedan Sire” a7 | 
Hesuhe=eden® sei 25 eter! st-dpation! sd8 Al SP. 36 
STL 2a ah sigs EP SAaewtor eae Ge teben ay @ aps 3082 6% 
pause. Bee! rrdlneteet seul amend i@mernde 


H Spring 
Power a Atmosphere 
SUPPLY i 
Se oe 
mucmace 4 Furnace 


temperature = h = Sample pan 
SS 


ein tice) 


Temperature 
measurement 


Figure 3.2 The arrangment used for Apnealing di dtrcay. 
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1981) have shown that the induced leakage current is roughly 
proportional (Xe) the electron-beam dose, which is 
proportional to the product of incident-beam intensity and 
exposure time. Therefore the increase in leakage current 
will be reduced by a factor of k after the same exposure 
time; but because the integration time is now k times longer 
than before, the total increase in leakage current will be 
ene es same” Vas’ "in the®Siirsts@ease. WThis imeans that Tour 
definition of lifetime is independent of the value of k, 
l.e. that the lifetime is independent of the integration 


time. 


Ses eRESULTS ANDUDISCUSSTION 


3.4.1 THE LIFETIME OF AN ARRAY AT ROOM TEMPERATURE 

Pigurer 3.3 “2llustrates the observed behaviour during 
Pevadiatvon by 100 keV electrons” at “room “temperature.  -An 
increase in leakage current 1S observable after only a few 
minutes, but if either the incident beam or the d.c. power 
EO the array peueturned Soff, “the  sdevice® "“recevers” 
substantially, such that the permanently-induced leakage 
current is an order of magnitude smaller. Because of this 
pecovery effect) operational litetime at “room “temperature 
would be higher if an array were used intermittently, as 
Opposed’ to being continuously irradiated? Assuming the 
excess leakageuncunrent tose be= roughly “pecpoational te 


electron exposure (Downing 1980, Shuman 1981), the projected 
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PEESGIMel Can be estimated trom Pig. 3.3 to be = (275/70. 1)+10 
= 200 Minutes= 4 hrs. (2/5v is half of saturation voltage). 
The above observations can be explained by the 
radiation-induced Space-charge buildup in the S102 
Passivating layer (Snow et al1967). The upper part of (Fig. 
3.4 presents the cross section of a Silicon dicde before 
teradiation, where SiO, has the normal thickness “of Sum. 
During electron PAPtadlation, the incoming electrons 
penetrate the SiO, barrier layer and enter the _ silicon 
Substrate, where electron-hole pairs are generated. However, 
it 1s believed that electron-hole pairs are also generated 
in the S102, passivating layer. The electrons within the S$i0, 
Vayer cand particularly within ‘the region of impact 
ionization are quite mobile. These electrons can, therefore, 
participate in recombination events in the silicon beneath 
the SiO, layer. But the holes within the $10, layer are not 
mobile. Thus, a positive charge will build up as electrons 
are removed from the oxide layer; consequently, the surface 
Oeebe p-type Si biGon 1S 20verted Lo ni. PAS = ay resuley | one 
junction area is extended and an additional transition 
region of very small width is created as shown in the lower 
pareveor Fidq. 3.4. Beng electrically an paraded yur the 
Soiginale junetvon, thas additional Narrow M@ransit on sreqion 
€an greatly increase the leakage current. Switching off 
power to the array, even if the electron beam is left on 
(Fig, 343), means that the electrical bias is removed. Thus 


electrons might be expected to drift back into the $10, 
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Figure, sc Incréasewin the leakage current of diodes in aa 
RL-1024S array which was exposed to a 100 keV electron beam 


at 27 =C, The beam intensity corresponded to 50% saturation. 
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pasSivating layer, neutralizing the space charge. Therefore 
a radiation-induced increase in leakage current I, gradually 


disappears (i.e. the device "recovers"). 


3.4.2 EFFECT OF TEMPERATURE 

While the lifetime of an array at room temperature is 
only 4 hrs. (3.4.1), a substantial improvement upon cooling 
the array would be expected. Figure 3.5 presents the 
temperature dependence of the excess leakage current after 
the array has suffered from radiation damage. This was 
measured by operating the array (and circuit board) at 
several temperatures. The results show that (like the normal 
thermal leakage current) the radiation-induced leakage 
Current is strongly temperature dependent, decreasing by a 
PACTORROE two fpr every (10) [Ceot cooling, This) is. because 
the number of charge carriers (electrons and holes) 
generated by thermal excitation decreases exponentially as 
temperature decreases (as described by Boltzmann's law). In 
addition, the generation of space charge by the incident 
beam might be expected to be a thermally activated process. 
To test the latter hypothesis, the simple arrangement shown 
iaminiqeuaess| Was Used Eoscoolean atray to: about =306 CC during 
irradiation. At this temperature, leakage current remained 
unmeasiirable alter ones nour Of Continuous*irradiation (s 
ZV) sUPON. LELUIMING, Thee devices oO ToOOmM Temperature, “vexcess 
diode leakage in the irradiation region amounted to only 1% 


of saturated output (50mV). Since the lifetime of an array 
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Figure 3.5 Temperature dependence of the radiation-induced 


leakage current, measured by operating the array (and 


circuit board) at several ambient temperatures. 
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at room temperature is 4 hrs. the leakage current would have 
been 50%*(1/4) =12.5% of saturated output (625mV) after one 
heures of continuous “lrradiation at room temperature. This 
Coniiemoe thateuthe  racce of space-charge buildup was 
substantially reduced by cooling. 

Based on these measurements, the commercially-available 
arrays are= estimated. to -have, a “useful, dafetime - 2 1 
hour*(2500mV/2mV).=-1250 hrsieif operated at or below =30 °C 
(BGerton and Cheng 1982). In support of this, Gones et al 
(1982)have reported no significant degradation of an array 
irradiated ~at —40..°C. by 700 keV electrons, provided the 
scanning circuitry adjacent to the photodiode is masked from 
the beam and the incident current density is kept bolow 107° 
Ayms 

As to the, cooling device, the arrangement shown in Fig. 
3.1 is simple but not convenient (the liquid nitrogen level 
had to be topped up frequently). An alternative method is to 
use a two- or three-stage thermoelectric (Peltier-effect) 
devices sin -whichva temperature ebelow) —-30.-2C £0)-70s .Cecanebe 


achieved (see 4.2.2). 


3.4.3 ANNEALING OF AN ARRAY 

Thermal annealing was performed using the device shown 
im Frq. 3.2, lt was found that thermal amnealing tor a few 
minutes, (1 to 3 minutes) at 300 -C reduced the leakage 
Clirnent by 50%, and 30 to 60) minutes at 300°C reduced the 


Weakaqe current by 957%. Thies implies thet thermal “annealing 
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will >be effective in restoringwantarray which has! suffered 
irradiation damage, and thus will extend the lifetime of the 
array. 

This result 1S in agreement with the result of 
annealingesccD «hse! (Robertstergeal (e1S82 50 Thesvyanneal ing 
mechanism Sis «that under tthermal conditions ebectrons are 
Dyjpectedstromethe silicon sintomthe Sigs Wpassivat iungeetlayern, 


henceyreducing the sposibiveespace charge (Snow et caleio67 ): 


Soe CONCDUSIONS 

Radiation damage is a major drawback of 
directly-exposed photodiode arrays. However operation of an 
array at low temperature (-30 °C) greatly extends its 
lifetime, and is thus very encouraging. An even lower 
temperature would be expected to further extend the 
lifetime. Also, various forms of annealing could restore an 
array which has suffered irradiation damage. Probably an 
oltimate solution is the production of future devices immune 
to electron-irradiation damage. The possibilities include 
optimization of device geometry, minimizing the oxide 
thickness sand use of an alternative dielectric mdtertal iat 


themsurtace (Kiblrany 1978). 
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CHAPTER IV 


SOME DESIGNS FOR A PHOTODIODE-ARRAY DETECTION SYSTEM 


[ng thise chapter, etwe designs forlatssDvarray pave lied 
detection system will be presented. One is the design of a 
post-spectrometer,> lens =system sin eordér to finerease the 
enevgy resolutirentoefatches spectrum, which 2s. important —ior 
parallel recording. Another is a serial-parallel combination 
detection system designed to record the spectrum over a 
range which includes zero and low-energy losses, as well as 


energy losses as high as 2000 eV or 4000 eV. 


4.1 DESIGNS FOR A POST-SPECTROMETER LENS SYSTEM 


4.1.1 INTRODUCTION 

The need for a post-spectrometer lens system is based 
on the requirement for good energy resolution in the 
Spectrum. § Usually in serial detection one itsSeable torchoose 
the width of the detector slit as a compromise between 
energysscesolutione sand signalynoise ratio. However amo Such 
compromise is involved in the case of a parallel detection 
system. Hence a parallel detection system should be designed 
tO dive as good energy resolution as possible, within the 
Maimats in energy spread imposed iby the electron source, 

Although the energy dispersion in EELS can be obtained 


by applying to the transmitted beam a transverse magnetic or 
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electriceiield or a combination of the “two, the “type of 
spectrometer considered here wae be the magnetic 
Spectrometer which is more spepular for the following 
reasons. First, a Magnetic spectrometer is simple and 
INexpPensive to Construct, and high voltages are not involved 
inserts. Cperacion. ieee its spectrum is formed along a 
Straight line, allowing a parallel detector slit or a linear 
detector array to be employed. In addition, the dispersive 
power 1S approximately constant up to high energy loss, 
Giving a linear energy scale. 

The basic design is shown in Fig. 4.1; the magnetic 
field bends the electron beam through an angle @ with a 
radius Soi curvature  R™ and sas a “focussung action “on 
electrons travelling in the x-z-eplane. Focussing in the 
y-direction ispachieved by tulting the (entrances and» exit 
edges of the polepieces through angle ¢€; and ¢2. For @$ = 
90°, equal focussing in the x and y directions occurs when 
i= coe = 20.5 , Giving ae single epoint) Tocus at arcictance 
Ve="2R  Erom the exit face ~ for a point “object located a 
distance u = 2R from the entrance. 

The energy dispersive power, D, for such a symmetric, 


double-focussing spectrometer is given by 


AE lay Bice 

af i E 
Wieteuhye us. ~Nee electron = est -enerqy (Egerton 1980). For 
Eyolcal values: Ey = (511 keV, Bit= 80 keV andoR = 20) ‘cm, D 


is about 5.4 um/eV. Although some spectrometers depart from 
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a maximum scattering angle contributing to 
the energy-loss spectrum (radians) 

W tilt of spectrometer plane-of-focus, 
Relat iyoeLon Picmxeax sem rd dias) 

Y maximum spectrometer entrance angle, 
relative to the central beam (radians) 

bend angle of electron beam in spectrometer 
(ad vans Je 


Figure 4, i General optics of a2 Magnetic spectrometer, 
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this symmetric geometry; their performance is mot greatly 
affected. BOT, example; “the espeetrometer fused) in). our 
laboratory, comnectéed towa JEMIO0B, gives a-Devalue sof 5.1 
Um,eVMeat ey e=8 205 “and «5M =630>, Therefore at migne be 
reasonable to say that most magnetic spectrometers give a 
dispersive power (for 80 or 100 keV electrons) of 5 um/eV or 
less. 

However, the Spacing between active diodes ina linear 
photodiode Jarray (e.g. “1024 channel Reticon arcay) is 
typically 25 um. ;lneaddition, 480 keV incident electrons will 
penetrate by about 40 wm and thus spread laterally by about 
UDpet oes) Ume(Cosslett sand Thomas 1964), causing so-called 
Nernoss, talk” sbetween drodes. -AS.8a ‘result, ,0f he) ~Linite 
channel width of the diode and the "cross talk" between the 
diodes, the spatial resolution of an array for the detection 
of 80 or 100 keV electrons will be not better than about 50 
um. Therefore, when such a linear photodiode array is placed 
in the focus plane of a magnetic spectrometer having a D 
value of 5 um/eV, the energy resolution 1s expected to be 

AB = AX/D = 50um, (Sum/7ev). = 10 eV 
This value is large compared with the spread of electron 
energy caused by the thermal spread of the source and 
inStabgiities cof the *higne tension “supply, whack as only 
about. 2 eV (Hall 41966 ).. 

The simplest way of increasing the, energy resolution is 
Fomtoltethe array away from normal, imcidence (Rgerton 1931). 


Analternative way 1S to add an electron lens to > image the 
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Spectrum from the focus plane of the spectrometer to an 
image plane where a detector is placed. In this way the 
resolution can easily be increased by a factor of 4 or 5, 
reaching about 2 ev. However, the usual type of 
axially-symmetric magnetic lens has the property of rotating 
Chenamage,, cesulting= an additional complexity to the system. 
This problem can be solved by employing a double, symmetric 
lens, or by a quadrupole lens, or by special lens designs 
(Mulvey 1982). 

Here are presented designs for three rotation-free lens 
Systems: a double symmetric magnetic lens, a single magnetic 
quadrupole lens anda quadrupole doublet lens. One of them, 
the double symmetric magnetic lens, has been manufactured 


and wsec an our work. 


4.1.2 THE DESIGN OF A DOUBLE SYMMETRIC ELECTRON MAGNETIC 
GENS sy STEM 


It is well established (Hall 1966) that an approximate 


expression for the focal length of a magnetic lens, £, if it 
hoe long. compaired with the vaxval extent Of the ftield7; 4, ws 
given by: 
x 
eee e 2 
ae om | fees [AQ2) 
8mC 
O 
Anciewene rotation sangle of “the “image, 2) 2s) (without 


approximation): 
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x 
G = 2)" | Haz (ear ses) 


e 1s the charge of the electron, 

mis the rest mass of the electron, 

Gairsmene) velocity tor dich 

@ 1S the accelerating voltage, 

H(z) is the magnetic field on the axis of a _ round 
magnetic lens. 
Introducing numerical values for the constants in these 


equations, we have 


sy 

1 Om 2 2 -1 

faa wae Sie) 4,4 

7 7 H az cm ( ) 
O 

and 
@ = ee H dz Eacians (4.5) 
WV O 


where V is the accelerating voltage expressed in volts. 
Poriron-freevlenses made of coils with radius Rk, Hitz) 


Gan be calculated, to a Good approximation, as 


= —--“_, = 
Zi (EE) 2 @) 
where Nl is the ampere-tucns in the coil. If Sthe couk as 


enclosed in magnetic materical, the field Hiz) is increased 
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ang rhe width Of the fringing fielle reduced as Shown in Fig. 
4.2. In this case H(z) can be expressed, with approximation, 


by (Ximen 1979) 


HL = HS sech* (2.63z/2R) ges 


SUDSOP CUA NO) On Men CZ SIN fg Caec)) Shroom = halen. and 


Mottcing that H(z) satisfies the following relation: 


we get (Ximen 1979) 


pene ezrin) © 
Volts 4.9) 


R, G= 64 


It is seen from Eq.(4.5) that if a pair of symmetric 
lenses, (having the same geometry and having the same amount 
Offs current but) in opposite directions flowing tmnowgn che 
coils) are used, a rotation-free image is obtained. For such 
Combination lens system (iq. 4.3); “the following lens 


equations should be satisfied: 
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Pagure: 4.2 “Magnetic Siicid “strength .“Gistributvons for van 


iron-free lens, 


and for coils with an outer Magnetic casing. 
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ais the object dvstance, 

b is the image distance, 

S is the separation of the lenses, 

f, ty and tf. are the focal) length of the system; and of 
the two lenses, respectively. Thus, when a, b and s are 
Erxed ~according gto the required magnitication © and | tne 
distance between the object (the focus plane of the 
Spectrometer) and the image (where a detector is placed), f, 
and =) (ft, = 2) ‘can be? calculated from Baqs.(4.10) and 
Pia te sone, roUbStlcUutIng hOr dy On of. wine Bog. (4e0) ne ene 
number of ampere-turns, NI, for each lens can be obtained. 

In this design, the magnification required is 4 


(Arey a) We choose: 


a = 43 mm 
b= i734) mm 
s = 34 mm 
SO we have 
f = 35 mm 
figs £5. =. 55 mi 
and 
(Niejte Niemi O4c. Ampere-tunne 


The cross section of the lens system designed is_ shown 
iia ef.) Une ecolcu lat Lomo tesclie poweLmmecdea ton e.iis 
Jens system 19 Straightiocward.. When the “diameter of the 
wire is chosen as 0.85 mm, the required power is 22 Watts; 


thus a Lambda LDS-Y-02 power supply is employed. 
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Figure 4.4 is the photograph of the rotation-free 
electron magnetic lens system built by the workshop in the 
Deparement of Physics, University of Alberta, “according to 
the design given above. The oscilloscope trace of the 
Spectrum of Al obtained with the incorporation of the above 
post-spectrometer lens system and a SSD array parallel 
Getector is shown in = Figs) 2.5.) The (dispersive “power, 
calculated from the separation of the zero-loss peak and the 
plasmon peaks shownwin Fig.e4.5, is) 25 pmyeV, ice. “enlarged 
by a factor of about 5, This is in satisfactory agreement 


with the original design. 


4,1.3 THE DESIGN OF A SINGLE MAGNETIC QUADRUPOLE LENS 


In a quadrupole system electrons incident in the two 
planes perpendicular to each other will follow quite 
different paths. Electrons will be convergent in one plane, 
while divergent in the perpendicular direction, as shown in 
Fig. 4.6. If the convergent (x-z) plane is chosen to be the 
Spectrometer bend plane, convergence in two directions is 
not strictly necessary for a Reticon 1024 photodiode array 
having an aperture width of 2.5 mm, provided the divergence 
angle is not too large (as will be seen later). 

For short quadrupole lenses, the bell-shaped model can 
be used for analysis (Hawkes 1970). In this model the 
function defining the shape of the quadrupole potential is 


given by 
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Figure 4.4 Photograph of the rotation-free lens system made 


ef a double symmetric magnetic tens 
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NZ rteeerge © ea (4,12) 
le 2/2) 
and the field- strength parameter, 8, is given by 
2 NI ré 
sem EME 
where 
4 denotes the effective length of the quadrupole, 
r denotes the bore radius of the quadrupoles (Hardy 
Voy) 
NI is the amp-turns circulating in the coll around each 
pole piece, 
He and H are constanics (fom = 0ns7 26). 
Pom ausnone lens), in which ree pe = rr (oe) ao. 
If we let 
Ww ae ee Ww ee ae (4,14) 
x Y 
then the asymptotic cardinal elements are given by 
CZ (ea) 
ey tha 2 es = Wo cotmw 
gy - sintw R X x 
x 
Ww) (2G) (zG) 
ae a = = w cottw 
a Sint, y —% y Vy (ee sty) 
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where 

f denotes the asymptotic focal length of the quadrupole 
oneness o 2a lane, 

g denotes the asymptotic focal length of a quadrupole in 
mnesy-z. plane, 

C20) ene) & are positions of the asymptotic object (0) 
and image (i) ee ae quadrupole in the x-z plane. 

(Z29)o> (29g); are positions of the asymptotic object {o) 
and image (1) foci of the quadrupole in the y-z plane. 

Assuming the distance from the object to the image 
(Fig. 476) 16 100 “mmy Sand She “magnification Tim “the 


Sonverging (x=z2)eiplane as 4F then 


a 20 mm 
b = 80 mm 
and according to lens equations the focal length of the 
Guacrupole in thel.converging “s-2z) plemel is 
f = 16 mm 
bet f72>=2) 24 (then 


BE 
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Thus, from Bas.(4.174) and (4.15), we have 
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Phiseeresult) shows. that a “magnetic quadrupole lens! hasea 
Small power requirement, in comparison with an axially 
Symmetric magnetic lens(4.1.2). 
Now let us calculate the divergence width formed in the 
images (1.62 photodiode array)" planes 
The focal length of the quadrupole in the devergent 
(y-z) plane can be calculated by using Eqs.(4.14) and 
(42 75)<4 we have 
e= 0576 lmm 
Since the object distance is still 
a = 20 mn, 
epewimegesdi stance bh, “anwthem diverging s{y-2) “sptanege Cece 
4.6) calculated using the lens equation is 
b, = -5.6 mm 
The angular magnification is equal to the inverse of the 
lateral magnification when a's are small; thus 
aa Oo = afb =728e5 
The divergence width in the detector plane (x-y) is 


therefore 


ih 2°05 (b+b,) 


\| 


3 ee 
2 Oo by (b+|b, |) 


Dstaliy the angie e¢ 2S determined by an saperture Gin e@the 
post-specimen lens or in the spectrometer. For ao values of 


5 mrad and 10 mrad, which are typical values in EELS, L will 
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be, according to Eq. (4.16), 3 mm and 6 mm _ respectively. 
This. means that only 83% (fer «a, = 5 mrad) or 41% (for a5 = 


10 mrad) of the electrons forming the spectrum will be 
collected by the photodiode array having aperture width of 
2-0 MM. The former ratio is still satisfactory but certainly 
not the latter. This situation can be greatly improved if a 


quadrupole doublet is used. 


4.1.4 THE DESIGN OF A QUADRUPOLE DOUBLET LENS 

In order to obtain an optical system that is convergent 
in all directions, two crossed quadrupoles, Q; and Q2 are 
combined so that the convergent plane C of Q, coincides with 
the divergent plane D of Q:2; this yields a quadrupole 
doublet. Figure 4.7 shows the particle trajectories in two 
planes of a quadrupole doublet, where the x-z plane is 
referred to as the converging plane (last lens converging) 


+ =: . 


while the y-z plane the diverg 


tw 


ng plane. 
The field strength parameters £, and B2 are given by 


the following relation: 


The number of ampere-turns can be calculated by a graphical 


ed as tollows’. 


tT 


procedure (Enge 1959) illustra 
Let the magnification of the system be 4 and the distance 
between object and image (Fig. 4.7) be i100 mm, i.e. 
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Thus we have £ = 6.9 mm With these values, the field strengh 
Parameters B, and 82 can be found from Fig. 4.9 (where k is 
equal to our BB), Lee. 

(CBr) = = eno 7 

(B24)? =~ 0.48 
For |00) keV electrons, that ts 

V = 7iCe Volts 
and quadrupoles having 

r = 0.69 mm 
The values of NI can be obtained from Eq.(4.17). They are: 

(Ni) = 2e3 Ampere-tucns 


(Ni 


R 


407 Ampere-turns 
It is seen that a quadrupole doublet needs less total number 
of ampere-turns and probably a lower power requirement than 


a double symmetric magnetic lens. 


4,2 A SERIAL-~PARALLEL COMBINATION DETECTING SYSTEM 


4.2.1 INTRODUCTION 
It has been mentioned in Chapter 1 that one basic 
requirement for detectors in EELS is to have a wide dynamic 


range; and usually a dynamic range 2 10° is necessary for 
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recording the high energy losses. However, if one wants to 
record and analyse a spectrum with energy loss as high as 
2000 eV, one may require a detection system having a dynamic 
range of 10° and having a high DQE in this range, to resolve 
the tonizationeedgés: as) illustrated’, ini) Figs, 4.2.9 «These 
requirements: Can “not*° “bey fultilwed bys) either sserdal. or 
parallel detection systems alone. This may be one of the 
reasons why studies in the extreme high-energy-loss region 
of the spectrum have rarely been attempted. 

It is clear that ap SSD array parallel recording system 
has the fundamental advantage of a high DQE. This implies 
that it iS most Suitable for recording High energy losses, 
where the high collection efficiency of a parallel-recording 
device 1S most needed and where irradiation damage is less 
likely to be a severe problem because of the low intensities 
involved. To record the zero- and low-loss peaks, a second 
acquisition would be necessary, using a very low (10°'% - 
(0s 9A) curréntvincident ion the) array, tovavoidesaturation. 
Howeverarinuthe “electron Microscope ith isthcditiveulieice 
eontrol «the: beam current’ “ini thise ranger A very small 
condenser aperture could be inserted, but this would change 
Ses vprobe size at “the specimen, ands hence therdrea beang 
analyzed. In the Conventional Transmission Rlecuron 
Microscopy, a selected-area aperture could be employed and 
the second condenser lens used to control the electron 
current reaching the detector. But 1f the energy loss and 
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objective lens prevents the area of analysis being precisely 
defined. 

An alternative solution is to use a serial detector to 
record the spectrum in the zero and low-loss region, where 
high collection efficiency is much less important than in 
the high-loss region. In this system, a serial detector will 
record, the (zero and low energy jlosses, (up to 300 or=500 eV), 
while a parallel detector will record the high energy 
losses, within the range 300 or 500 eV to 2000 or 4000 eV. 
Thus the overall requirements for both dynamic range and DQE 


will be satisfied. 


A022) SASIC DESIGN 

Figure 4.10 shows the basic design of a serial-parallel 
detection system. A photomultiplier/ SCiniadaat OG 
combination is used as a serial detector since it offers 
goog a.l-around pertormance | scms). A SoD array iseuseda as 
tne parallel detector,) exposed directly. Whe i choice of a 
direct-exposure method is based on the following 
considerations. The DQE in the indirect-exposure system is 
Eyolcei ly less than’ 041. This#situation cam beoimppoveds by 
Using an Optical antensitier between, the fluorescent = screen 
apache acray, but this “presents ~more desvon problems, 
whereas a direct-exposure system has the advantages of high 
DOB ana Simplicuty. 

The energy resolution of a spectrum obtained with a 


parallel detector has to be considered an the design. As 
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mentioned in 4.1.1, while a SSD parallel detection system is 
used, the energy dispersion of the spectrum needs to be 
enlarged by a factor of 4 or 5. There are several ways to do 
this. One way is to use a post-spectrometer lens system as 
presented in Breil However, Such a system is very 
inconvenient for the present purpose, because the image of 
the spectrum , after the post-spectrometer electron lens, is 
inverted. A slit has to be used for serial recording, and 
there will not be enough space between the image of the 
Spectrumpand- thetsiit tol install the SSD array together with 
its cooling device, as will be seen later. Thus the method 
adopted here to increase the energy dispersion is to tilt 
the SSD array by 70°. “Using this method, Gan Yvenergqy 
resolution of about 3 eV has been reported (Egerton 1981), a 
value which is acceptable in the present design. 

Cooling tne SSD array ais, important. , sass) Giscussed Sin 
chapter 3. Our experiments (Egerton and Cheng 1982) have 
shown that a temperature of -30 °C to -40 °C increases the 
Ditetime™ of anearray Sagnitmcantiy,,. eoe result gor neauced 
irradiation damage. A temperature lower than this might 
reduce the influence of irradiation damage even further. 
However the Reticon arrays used in this work are rated to 
-75°C(Reticon Corporation 1978). The use of very low 
temperature in the electron microscope might lead to gas 
condensation and eventual contamination of the array, 
depending on the quality of the vaccum. Therefore a working 


bemperature of “about -/0° ~C 26 to bevechieved by using a 
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cooling device. 

The working temperature of an array, when it is 
attached to a cooling device, depends on both the power 
GiSsipation of ‘the array “and the characteristics “of — the 
cooling device. For a Reticon array, the DC power 
dissipation is 0.001 W and the maximum AC power dissipation 
Uomeless than OlMew WRetuconeCorporation. 19760. iFror cooling) 
a thermoelectric device is under consideration since it has 
Some “advantages “over liquid’ nitrogen. The choice of a 
thermoelectric device involves the requirements of working 
temperature (such as -70°C in this design), the geometry and 
the power of the cooler. A three stage thermoelectric 
device, model MI 3040 ,(MARLOW INDUSTRIES, INC), was finally 
enosens Its characteristic. curves’ are given an Fiq.7 4201. it 
is seen from’ Fig. 4.11 that when a current of 4.5 Amps is 
used, the working temperature achieved for an array with 
Powe dress ipacvon of OO.) Watts 15 =/0 °C. 

The whole cooling-system design is shown in Fig. 4.10, 
where =the: hotuside of) thes Miv 3040; thermoelectric device as 


in contact with a heat sink made of copper metal. 
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CHAPTER V 


CONCLUSIONS 


An effective detection system in EELS must combine high 
collection efficiency, a large linear dynamic range and an 
immunity to beam-induced deterioration. A serial detection 
method, no matter how perfect the detector itself is, has a 
fundamentally poor detection quantum efficiency  (DQE) 
because, out of the total of N channels, only one is being 
sampled at any given time. In a parallel detection method, 
the detector receives all the information simultaneously. 
Therefore, the DOE for a perfect parallel detector compared 
with that for a perfect serial detector (with N channels) 
will be enhanced by a factor of N. Hence a parallel 
detection system is in principle superior to ae serial 
detection system. 

Parallel recording systems uSing a semiconductor array 
as the detector retain the advantages of a photomultiplier 
and achieve simultaneous spectral measurement. These 
semiconauctor array “(SSD Sand ©CCD) can = be exposed. tovan 
electron beam elther directivyreorm indirectly via "a »phoesphor 
screen. 

SSptarrays which aretdinectiyvexposed tc electrensthave 
Hugh ebObeeAe ful bioutput, Sine DOE Vs very tclose <o UnDEy wa Ac 
the lower cynamic limit; DOR falls as the number or readouts 


increases, but, under typical conditions, DQE remains above 
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0.3. Therefore, in the direct-exposure mode, the array can 
behave aS an almost ideal electron detector. The dynamic 
range "of a cooled array (-30°C)) at “a ‘single readout is “only 
about 100, but increases almost linearly with readouts. With 
a large number of readouts, dynamic range in excess of 103 
becomes possible. The major drawback of direct exposure to 
Sreceronse iS S them problemm™ of rradiation damage. The 
peripheral ‘circuitry “of an vlarray can ““be protected from 
exposure to the incident high-energy electrons by a metal 
mask. However, under the bombardment of the electrons, 
Badiatronsinduced ispace, charge * "builds up 8 im © the “array, 
increasing with the radiation dose received, and may finally 
Saturate the array and make it useless. However, the effect 
of radiation damage depends on the temperature. It is found 
that the lifetime of an array, defined as the time taken for 
the output voltage to saturate when the incident-beam 
intensity is adjusted so that the video output amounts to 
Haile, “the maximum, = as) about 4 eshours™= during)! ‘contiunucus 
irradiation of 100 keV electrons at room temperature, but 
the estimated lifetime of the same array operated at -30°C 
pean excess: of 1250 “hours, “which ’ makes. Tes operation 
peomising., “An ‘even “lewer Wemperatune might further Teduce 
the irradiation damage and thus increase the livietime of the 
arrays Also, thermal annealing could restoresan™arraye whiten 
has suttered arnradiativon damage. 

The indirect-exposure SSD array parallel detection 


System ald ows «control “over Sithe sidetector (sensitiv and 
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therefore an extension of the dynamic range. More 
importantly, it is freé of the problems of radiation damage. 
However, all these advantages are obtained at the expense of 
reduced DOE, se Which? issetypieally less. than 90.2.0 (this 
Situation can only» be impreved “by using an optical 
intensifier between the phosphor and the array, which will 
present more design problems. 

A parallel detection system should be designed to give 
as good an energy resolution as possible within the limits 
of the energy spread imposed by the electron source. The 
Simplest way of increasing the energy resolution is to tilt 
the array away from its normal incidence. An alternative way 
is to use a post-spectrometer lens system. An double 
Symmetric magnetic lens gives a rotation-free image and the 
energy dispersion of the spectrum thus obtained is in fairly 
good agreement with the design. Calculations for a single 
quadrupole lens and a quadrupole double lens system _ show 
that they have a smaller power requirement compared with the 
double symmetric magnetic lens. 

Although a parallel readout should allow a dynamic 
bange im the recorded data of et Least 10", the ~2ange Sct 
intensities within an energy-loss spectrum (from zero loss 
peo: 4000eV) 25 larger thane tare. S07 (a “serialeparal lel 
combination detecting system will probably be necessary. 
Direct-exposure parallel systems have a clear advantage in 
Ferme ol simplicity and nigh DOE, and may be preterred for 
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efficiency of a parallel-recording device is most needed and 
where irradiation damage is less likely to be a serious 
problem. This combination system will make possible the 
study of high energy losses, which should make a significant 


Gontrabutron to the development of EERES. 
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